OBJECTIVE: To determine the relationship between muscle-derived lactate at fatigue and earlier onset of fatigue in the obese rat subjected to intense exercise. DESIGN: Rats were subjected to a short, intense exercise protocol on a treadmill. Blood was drawn from hind leg vein and artery during exercise and up to 1 h afterwards. Assuming an exercise respiratory quotient of 1.0, the extra carbon dioxide released was computed and assumed to be displaced by equimolar amounts of lactic acid produced by the rat during exercise. SUBJECTS: Conscious female adult Zucker lean and Zucker obese rats. MEASUREMENTS: Oxygen consumption and carbon dioxide release. Lactate and bicarbonate levels in hind leg venous and arterial blood; balances were estimated by measuring blood¯ow with¯uorescent microspheres. Lactate levels in periovaric white adipose tissue were also measured. RESULTS: Muscle released, during exercise and post exercise roughly 2.3 mmol lactate in lean rats and 2.6 mmol in obese ones. Of these amounts, hind leg lactate release accounted for 0.40 mmol in lean rats and only 0.11 in the obese ones, which showed a release of acid (mainly lactate) elsewhere in the rats totalling about 19.9 mmol CO 2 in lean rats and 4.4% in the obese ones; that is both hind quarters accounted for only 17.2% of all lactate produced in the lean rats and 4.4% in the obese ones. The amount of lactate produced by the rats was roughly similar. White adipose tissue lactate levels (in the basal state and after exercise) were much higher than could be expected from blood sources alone, indicating an active production of lactate. CONCLUSION: Fatigue appears earlier in the obese rats than in lean ones because of loss of buffering ability caused by massive extra-muscular glycolysis (probably in adipose tissue) and lactate production triggered by exercise-induced adrenergic stimulation.
Introduction
Fatigue may be de®ned as the inability to continue performing exercise at the same workload and conditions as before. 1 Its development is in¯uenced by several closely related factors: the inability of the cardiovascular system to provide enough oxygen for the sustenance of aerobic processes, 2 rapidly dwindling glycogen and hexose stores 1 depriving the glycolytic machinery of substrates, appearance of toxic or undesirable byproducts such as ammonia, 3 and/or accumulation of other catabolites such as lactate, 2 which cannot be removed fast enough from the exercising muscle 2 or even from the whole bloodstream. 3 All these factors, alone or in combination, effectively diminish the ability to perform exercise.
Blood lactate levels are usually taken as an index of fatigue, 1,2 since they are a consequence of exhaustion of muscle glycogen and the shift to anaerobic processes 2 as well as indicating the remaining ability of blood to buffer excess acidity generated by glycolysis. Lactate production is compensated by the displacement of bicarbonate into carbon dioxide, 4 which is lost through the lungs during exercise more rapidly than it is produced by cell respiration. 2 This extra discharge of carbon dioxide has often been used to determine lactate production or the size of lactate pool. 4 Fatigue develops in the obese at lower exercise loads than in the lean, 5 and often shortly after they pass the anaerobic threshold. 6 We have studied here the quantitative interrelationships between muscle lactate production, carbon dioxide dynamics, and exercise in Zucker fa/fa rats compared with lean controls in order to gain a better knowledge of the conditions marking the onset of fatigue in the obese ones.
Materials and methods

Animals and experimental groups
Female Zucker lean (Fa/?) and obese (fa/fa) adult rats (of Charles River, USA, stock) weighing 175±220 g and 340±400 g respectively, were used under standard conditions (21±22 C, 60±70% relative humidity, lights on from 08.00±20.00) and fed standard rat chow pellets (B&K, Sant Vicent dels Horts, Spain). Three series of rats from each genotype were selected: (1) rats were used to determine lactate and bicarbonate in arterial and venous blood; (2) 6 rats were used for blood¯ow measurements; (3) 6 rats were used to determine respiratory gas exchange during controlled exercise.
The mass of the hind leg studied was 13.0 AE 0.7 g (lean) or 21.8 AE 1.9 g (obese), of which muscle accounted for 7.30 AE 0.44 g (lean) and 6.38 AE 0.39 g (obese). The mass of muscle studied was the same as that used for blood sampling and blood¯ow estimation.
All manipulations and treatments were carried out in full accordance with the guidelines on care and management of animals established by the European Union; special care was taken to limit the extent of electrical grid prodding, often at the expense of discarding experiments because of insuf®cient motivation of the rats to run the established schedule.
Exercise protocol
The rats from the three series were exercised in a fully enclosed treadmill built by us. 7 On the day before cannulation and for one day thereafter all rats were subjected to a short training period, so that they had contact with the treadmill. The experiments were performed on the second day after cannulation.
The rats ran at an uphill angle of 10 corresponding to a gain in height of 0.17 m per meter run. Each was kept on the treadmill for 10 min before sampling and then beginning the exercise workload. The exercise began at time 0, the initial speed of the mat as 0.2 m/s for lean rats and 0.1 m/s for the obese. This speed was increased stepwise 0.1 m/s every minute and blood was sampled 3 min after the beginning of the graded exercise. Speed was increased at the indicated rate until the rats attained their individual maximum speed (mean 0.56 AE 0.02 m/s for the lean and 0.32 AE 0.01 m/ s for the obese), which was then maintained to minute 8±9 (mean 9.1 AE 0.4 min) for lean rats or minute 6±7 (mean 7.0 AE 0.4 min) for the obese ones, when the rats ceased to run; blood was then sampled (fatigue) and the treadmill was immediately stopped. Blood was extracted 9 min (8 for fa/fa rats) after cessation of exercise (recovery 1), 30 min later (recovery 2) and at 60 min after the treadmill was stopped (recovery 3). In all cases the oxygen consumption at fatigue, Á
was approximately 180% of the basal state.
Blood gas and lactate measurement
The rats were cannulated through the muscular branch of the left femoral vein 8 to draw venous blood from the hind leg muscle; another cannula was inserted into the left carotid artery of the same animals to obtain arterial blood. The cannulae used were polyethylene capillary tube (Clay-Adams, Parsippany, NJ, USA; PE-10; namely i.d. 0.28 mm; o.d. 0.61 mm) for carotid, and silastic 1 capillary tube (Corning, Midland MI USA; namely 0.29 mm; o.d. 0.64 mm) for hind leg vein cannulations. Cannulation was performed under ethyl ether anaesthesia. The cannulae were ®xed in place with thread knots, ®lled with 9 g/L NaCl containing 0.6 g/L heparine, and heat-sealed on the free side (PE-10) or tightly knotted (silastic). They were threaded subcutaneously to exit the rat through its back and kept in place with knots and tape. The cannulae were checked, re®lled with heparinized saline and resealed daily for two days after surgery. The rats resumed their eating patterns (both in rhythm and in the amount of food ingested) the day after cannulation. Surgical stress and anaesthesia were kept to a minimum.
At the stated times (even while the rat was running), blood was drawn from the muscle and carotid cannulae using a syringe (about 0.2 ml in all for each blood extraction). The blood was immediately used to ®ll a glass capillary tube, which was then sealed and used to determine pH and pCO 2 with a BMS 3MK2 blood microsystem (Radiometer, Copenhagen Denmark), calibrated with known carbon dioxide standards. The remaining blood was deproteinized with perchloric acid and used for the enzymatic estimation of lactate 9 content in whole blood. Each rat was used for only three different blood samplings in order to space blood extractions and thus not affect volemy.
Bicarbonate concentration in blood samples were derived from the pCO 2 and pH, using standard equations 10 applicable to rat blood, taking temperature and compartmentation into account.
A further series of 10 lean and 10 obese rats was used for the estimation of white adipose tissue lactate levels. These rats were subjected to the same cannulation and training than those used for hind leg lactate arterio-venous measurements. The rats were subjected to the same exercise protocol and were killed at fatigue and under basal conditions. Arterial blood lactate was drawn and periovaric white adipose tissues pads were exposed and immediately dissected and frozen in liquid nitrogen. Later, they were weighed, and used for lactate 9 estimation together with plasma samples. Total lipids were also measured from the frozen samples.
Blood¯ow measurements
The rats from the second series were implanted with two ®xed cannulae through the left carotid artery; the ®rst was used to draw blood from the descending aorta and the other to inject the microspheres into the heart They were threaded subcutaneously to exit the rat through its back and kept in place with knots. The cannulae were checked, re®lled with heparinized saline and resealed daily for two days after surgery. The rats resumed their eating patterns (both in rhythm and in the amount of food ingested) the day after cannulation. Surgical stress and anaesthesia were kept to a minimum. After death, the position of the tip of the cannula just over the heart was checked; rats in which cannulae changed position were not included in the study. At the indicated times the rats were injected through the carotid artery cannula with 0.1 ml of uorescent microspheres (Fluorespheres
, that is about 100 000 microspheres (Molecular Probes, Eugene, OR, USA) of a different colour for each exercise stage. 11 At the same time a sample of reference blood (about 0.2 ml) was drawn for 30 s from the aorta through the second cannula by means of a heparinized syringe; 0.2 ml of 9 g/l NaCl was injected as¯uid replacement just after each blood reference sample extraction. The method allowed the use of the same animal for all measurements because the additive effects of microsphere accumulation in tissues was minimal using the stated amounts of microspheres. 12 After extraction of the last blood reference sample, the rats were taken out of the treadmill and killed by decapitation. Tissue and blood samples were processed and their¯uorescence measured. Blood¯ows were calculated as described previously. 13 The arterial and venous concentrations of lactate and bicarbonate, as well as blood¯ows, were used to determine the lactate and bicarbonate balances for the whole hind quarter. 14 
Whole rat respiratory gas interchange and calculations
The treadmill allowed real time recording of oxygen consumption and carbon dioxide production. 7 The graphs obtained by plotting oxygen and carbon dioxide exchange vs time allowed the establishment of three well de®ned periods: (a) exercise (9 min in lean and 7 min in obese rats); (b) post-exercise (9.5 AE 1.0 min in lean and 10.0 AE 1.6 mm in obese rats) from cessation of the exercise until the carbon dioxide release graph crossed that of oxygen consumption, thus marking the end of extra carbon dioxide ef¯ux; and (c) recovery, the rest of the period studied (up to 60 min after cessation of exercise in both strains).
The resting respiratory quotient RQ of lean and obese rats was very close to unity (0.95 for lean and 0.92 for obese rats), and during exercise almost exclussively glycosyl units are consumed (unpublished results), that is the RQ is practically 1. 15 We therefore considered, for calculation purposes only, that in the experimental setup developed here there were no changes in respiratory quotient, that is RQ 1.0), during exercise and post-exercise for either strain of rat. The rat's overall oxygen consumption must therefore be matched by an equal carbon dioxide production; all CO 2 released in addition to that ®gure being the consequence of equilibrium displacement from the circulating bicarbonate buffer system generated by excess lactate production by the exercising rat. 4 The mass of carbon dioxide displaced and lost through respiration during exercise and afterwards can be matched with decreases in bicarbonate levels in arterial blood.
As a corollary to the assumption that the extra dioxide released was incorporated into the bicarbonate buffer pool during recovery, it was assumed that all carbon dioxide released during recovery was that produced minus the gas used to replenish the bicarbonate stores; since we knew the extent of bicarbonate losses, we were able to calculate the actual carbon dioxide production and compare it with direct oxygen consumption measurements to obtain the mean respiratory quotients: 0.88 (lean) and 0.94 (obese) for the recovery period.
Statistical comparison between means was performed with Student's t±test (differences between strains) or with the Student-Newman-Keuls test (differences between samples from different times), as well as 1 and 2 way ANOVA programmes. In all cases differences were considered signi®cant for P`0.05. Table 1 presents the arterial pH, lactate and bicarbonate recorded in the rats while subjected to exercise and during recovery. In both lean and obese rats lactate increased with exercise, peaking at fatigue and decreasing thereafter during recovery to practically the basal initial levels; however, obese rats started from higher circulating concentrations than the controls. Lactate balance across the hind leg showed a similar pattern, with increased release during exercise and post-exercise. However, lactate release by lean rats was consistently higher during exercise and post-exercise than that of obese animals. Variations in pH followed the changes shown for lactate in a buffered way, with highest acidity at fatigue, a fall of roughly 0.3 pH units in obese rats. Arterial bicarbonate concentrations followed a reversed pattern compared with that of lactate, with lowest values during exercise and post-exercise. Lean rats lost more bicarbonate at the peak of fatigue, whilst obese rats showed a broader minimum from exercise to post-exercise. The bicarbonate balance showed a peak at the fatigue stage for lean rats and during early exercise for the obese ones. Figure 1 shows the oxygen consumption and carbon dioxide production of lean and obese rats during exercise and recovery. Lean rat oxygen consumption at the peak of exercise was almost twice basal levels; carbon dioxide release showed wider variations with a higher and displaced peak of carbon dioxide ef¯ux just after the end of exercise. In the obese rats, the pattern was the same as for lean rats, but the extent and amplitude of carbon dioxide release after the end of exercise was greater. Figure 2 presents the computed values for the data of extra carbon dioxide release together with hind leg lactate production. The overall values for extra CO 2 release showed no statistical differences between lean and obese rats. During the short exercise period about 60±70 mmol/min of carbon dioxide was released, but Rates of release of extra carbon dioxide and lactate production by lean and obese Zucker rats subjected to exercise and recovery. The three series of data correspond to exercise, post-exercise and recovery. The columns in the left of each pair (less intense shade) correspond to the lean (marked L) rats and those in the right (darker) correspond to the obses (marked O). ECO 2 represents the extra carbon dioxide released in that period. HLL is the hind leg lactate production and ORL is the lactate produced by other tissues.
Results
Lactate-bicarbonate in Zucker rats
A Arde Âvol et al hind leg lactate production accounted for about half of this amount in lean rats and much less in the obese ones, meaning that the excess lactate must have been produced elsewhere. The pattern was repeated during post-exercise, but the differences between strains became smaller and the importance of hind leg muscle lactate became less signi®cant. In the longer recovery period there was a net accumulation of carbon dioxide, used to replenish the bicarbonate pool implying the most of the lactate produced earlier had been eliminated, probably through gluconeogenic pathways. In all, exercise and post-exercise resulted in the release of roughly 2.35 mmol in lean and 2.60 mmol in obese rats. Of these amounts, hind leg release accounted for 0.40 mmol in lean rats and only 0.11 in the obese ones, which means that there was a release of acid (probably mainly lactate) elsewhere in the rats totalling about 1.95 mmol CO 2 in the lean and 2.49 in the obese ones; both hind quarters accounted for only 17.2% of all lactate produced in lean and 4.4% in obese rats. White adipose tissue lactate levels were 0.38 AE 0.09 mmol/g and 1.44 AE 0.18 mmol/g (basal state and fatigue, respectively) for lean rats. The corresponding values for the obese were 0.15 AE 0.02 mmol/g and 0.59 AE 0.05 mmol/g (N 5 for each group). Lean rats' white adipose tissue contained a mean 81% of lipid, and the obese 86%, with about 2±3% protein. Thus, the levels of lactate in the whole tissue water compartments were higher, 2.00 mmol/mL (basal) or 7.58 mmol/mL (fatigue) for the lean and 1.07 mmol/mL (basal) or 4.21 mmol/mL (fatigue) for the obese. Since the blood space of white adipose tissue is about 7% of all tissue water space, 16 it can be calculated that blood-carried lactate could justify at most a 7±25% of the white adipose tissue lactate found. The rest must come from endogenous sources.
Discussion
The setup used in this experiment is fairly complex, using different sets of rats to derive further data which would otherwise be impossible to obtain from direct measurements; the array of calculations is based on a number of currently accepted assumptions. The main point shown in this study simply repeats a well known fact: that the exercising obese experience fatigue under a lower workload than the lean ones. 5 Nevertheless, we now have an indication that reinstates the lactate in its rightful place as an index of fatigue. 1 During exercise the overall production of lactate by obese rats as calculated from CO 2 displacement values was not lower in the lean ones, despite its muscle contribution being very small. In lean rats muscle is probably a main lactate producer, but in the obese ones, the main role of lactate production is clearly taken over by other organs or tissues. However, this increased production is also triggered by exercise despite not being directly related to muscle activity.
To arrive at these conclusions a fair number of assumptions have been made, of which the most critical by far is the assumption of unchanged RQ 1.0. This is true for the basal state and also for the duration of exercise since this value was recorded in the initial phase of exercise for both strains of rats, and it is accepted that no change in this parameter occur during exercise. 4 In addition, a previous study by us has shown that under comparable conditions the exercising muscle of lean and obese rats uses solely glycosyl residues 15 as an energy substrate. During recovery, however, it became clear that the respiratory quotient is not unity, though it may be close. This is due to undetermined biosynthetic activity: mainly gluconeogenesis and glycogen resynthesis, 17, 18 and the possible use of alternate energy substrates such as lactate 19 or lipids. 20 The muscle lactate production values depicted here are somewhat smaller because of lactate and perhaps bicarbonate entrapment in the hind leg tissues. This was previously measured and found to be less than 10% of overall hind leg lactate production (unpublished results), a value that hardly changes the disproportion between muscle production and extramuscular lactate synthesis in the obese rats. At fatigue the amount of lactate produced in obese rats was roughly similar to that of controls.
White adipose tissue contains adrenergic receptors, 21 which trigger lipolysis 22 and/or glycolysis, 23 upon stimulation. Exercise is characterized by an increase in circulating catecholamines and generalized adrenergic stimulation. 24 During exercise the rat avoids further energy losses through thermogenesis by shunting off the operation of brown adipose tissue. 25 In the obese rats, white adipose tissue sensitivity to a-adrenergic stimulation of glycolysis is enhanced, 26 even more so by the much larger mass of the tissue which respect of body size. As a consequence, exercise could stimulate adrenergicdependent processes, such as glycogen mobilization and glycolysis, 27 thus enhancing adipose tissue lactate production. This tissue may become a major source of lactic acidity 28 during exercise in the obese rats, which is in agreement with the estimation that their extra-muscular lactate production accounts for most lactate pool change. This also means that during exercise the relatively small (with respect of body weight) bicarbonate pool size of the obese rats, has to buffer a much larger mass of acid produced by tissues unrelated to muscle activity. The ®nding of relatively large levels of lactate in total white adipose tissue water, most of it not directly attributable to the blood compartment, gives weight to that assumption. However, quantitative estimation of white adipose tissue lactate contribution may pose unsurmountable problems because of the dif®culties of establishing arterio-venous balances and the particularities of this tissue compartmentation due to its enormous fat depots.
The mass of fat tissue may distort the direct allometric comparison of both strains, since the extracellular space fraction in adipose tissue is smaller than in lean tissue, 29 this means that the amount of base available to buffer excess acidity is related only to lean mass, not to overall body weight. The drop in bicarbonate levels induced by exercise was higher than the increase in lactate in both strains of rats, but was more marked in the obese ones. In addition the displacement of bicarbonate (and overall lactate production) in lean and obese rats was in the same range, which means that the dynamics of interchange between fast and slow pools of lactate and bicarbonate 30, 31 proceed at different speeds, probably resulting in an uneven distribution of lactate between tissues and blood, but inducing a continuous stream of displaced CO 2 to be released with respiration. The loss of buffering capacity of the blood because of severe bicarbonate loss could be a major factor in the appearance of fatigue in obese rats.
It is dif®cult to interpret the apparently anomalous response of the obese rats to exercise, that is, faster appearance of fatigue and glycolytic wastage of glucose. However, some facts hint at possible bene®ts of such behaviour. First, with increased glycolysis there is a net removal of available glucose, which may help to lower the negative effects of glucose of the resistance to glucose observed in obesity. 32 This could help to normalize glycaemia: exercise is known to help lower hyperglycaemia in the obese. 33 Second, the lactate produced may be used for gluconeogenesis, or may be used as alternate substrate by a number of other tissues. 3 In any case the increase in acidity and the fair use and availability of glucose prevent the mobilization of lipids and ketoacidosis. The massive release of extra muscular lactate may be a pre-emptive move to hinder further adrenergic stimulation triggering a massive bout of lipolysis. The rat tries to prevent wastage of its energy stores, but may also try to prevent the negative effects of the loss of fat and increased levels of fatty acid and ketone bodies, simply by shunting to lactate. Further investigation is needed to determine the rationale behind this acidic response to exercise.
